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I. INTRODUCTION
Cis-amide groups constitute or contribute to the hydrogen-binding sites of several nucleobases. 2-pyridone ͓pyridin-2-one ͑2PY͔͒ is one of the smallest nucleobase mimics containing a cis-amide group and has hence been widely employed in chemical and biochemical contexts [1] [2] [3] [4] as well as in gas-phase studies. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Numerous experimental [17] [18] [19] and theoretical [20] [21] [22] [23] [24] [25] [26] [27] investigations have treated the ketoenol tautomerization reaction of 2PY to 2-hydroxypyridine ͑2HP͒. 2-pyridone can also be considered as a model for the excitedstate reactivity of the pyrimidine nucleobases uracil and thymine. 28 Since their solution and gas-phase spectra are broad and structureless, 29, 30 it is difficult to obtain information on their excited-state structure, vibrations, and reactivity.
The first spectroscopic study of supersonically cooled 2-pyridone 5 has shown two equally intense bands in the resonant two-photon ionization ͑R2PI͒ spectrum, at 29 831 and 29 930 cm −1 , which were interpreted as the electronic origins ͑A and B͒ of two different ground-state conformers. 5 Fluorescence spectra excited at the A and B origins were attributed to different species, although no detailed vibrational assignments were given. 5 Held et al. measured rotationally resolved fluorescence excitation spectra of both the A and B origins. 6 They showed that the respective S 0 state rotational constants are identical and correspond to a planar molecule, while the respective S 1 state rotational constants are characteristic for a slightly nonplanar structure. 6 They interpreted the nonplanar S 1 state in terms of a pyramidal structure around the N atom of 2PY, resulting in a pseudoaxial and a pseudoequatorial orientation of the N-H bond. 6 Using microwave and millimeter-wave spectroscopies, Hatherley et al. determined the ground-state rotational constants and also found only a single planar ground-state form of 2PY. 31 Recently, Tanjaroon et al. measured the deuterium and nitrogen quadrupole hyperfine structures and provided even more precise rotational constants. 32 Using fluorescence-dip infrared ͑FDIR͒ and fluorescence-dip stimulated Raman ͑FDSR͒ depletion spectroscopies, Matsuda et al. confirmed that the A and B electronic origins of 2PY originate from the same ground state level and measured the S 0 state N-H and C v O stretching vibrational frequencies.
We have recently performed studies of 2-pyridone hydrogen bonded to itself,
33,34 to 2-hydroxypyridine; 17, 35 to 2-aminopyridine; 36 to uracil, thymine, other methyluracils, and 5-fluorouracil; 13, 14 to fluorobenzenes; 15, 16 and to adenine. 37 The S 1 ← S 0 excitations of all of these species are localized on the 2PY chromophore. The spectra all feature an intense low-wave-number band which cannot be assigned in terms of S 1 state intermolecular vibrations and that we have interpreted in terms of the 2-pyridone B origin. 5, 6 Despite this extensive work, the S 1 state vibrational level structure of 2PY and d-2PY is still not well understood. A few vibronic bands beyond the B origin have been noted, but not analyzed or discussed. 5, 6, 9, 10 We show that the majority of the S 1 vibronic level structure Ͻ620 cm −1 , including the B origin at 0 0 0 +98 cm −1 , can be assigned in terms of overtones and combinations of two out-of-plane modes 1 Ј and 2 Ј. We base the assignments on the predicted eigenvalues of onedimensional anharmonic model potentials that are symmetric in the respective q 1 Ј and q 2 Ј coordinates. The S 1 → S 0 fluorescence spectra excited at the low-lying 0 0 0 + 98, +212, and +252 cm −1 bands exhibit characteristic changes in their Franck-Condon factors to ground-state out-of-plane overtone levels, relative to the fluorescence spectrum from the 0 0 0 band, confirming their assignment to out-of-plane S 1 state levels. We have also measured the S 1 ← S 0 spectra of 2PY and d-2PY using the fluorescence depletion ͑FDEP͒ technique. 9 This has allowed to measure additional "dark" ͑nonfluorescent͒ excited-state vibrational levels that can be assigned as higher members of the out-of-plane 1 Ј and 2 Ј progressions. Interestingly, these dark states are often closely intermingled with fluorescing levels; the latter can be assigned as in-plane S 1 vibrational fundamentals.
It has recently been shown by Barone that anharmonic frequencies calculated with the B3LYP density functional can reproduce vibrational frequencies of N heteroaromatics to high accuracy. 38, 39 Our assignments of the 2PY fluorescence spectra are in good agreement with the S 0 state fundamentals, overtones, and combinations predicted by B3LYP anharmonic vibrational calculations. The latter are also consis tent with the previous analysis of Nowak et al. 40 of the infrared spectrum of 2-pyridone in Ar and N 2 matrices.
II. EXPERIMENT
2PY was heated to 80-90°C and was expanded in 20 Hz pulsed supersonic expansions through thin-walled circular or slit nozzles, using Ne carrier gas at backing pressures of 1.2-1.6 bar. Mass-selected two-color resonant twophoton ionization ͑2C-R2PI͒ spectra were measured in the region of 29 850-31 000 cm −1 by crossing the skimmed supersonic jet with the unfocused UV excitation and ionization laser beams that were brought to spatial and temporal overlaps in the source of a linear time-of-flight mass spectrometer. S 1 ← S 0 excitation was performed by a frequencydoubled DCM dye laser at pulse energies of typically 200 J. The ionization light at 228 nm ͑Ϸ43 800 cm −1 , 1-2 mJ͒ was generated by sum frequency mixing of 355 nm with 640 nm from a second DCM dye laser. The mass spectra were digitized with a LeCroy LT374 digitizer, averaged over 64 laser shots, and transferred to a personal computer ͑PC͒.
Laser-induced fluorescence ͑LIF͒ spectroscopy was performed by crossing the unskimmed molecular beam with the unfocused UV laser beam ϳ4 mm downstream of the nozzle. The total fluorescence was collected using a Hamamatsu R-928 photomultiplier tube. The signal was averaged over 64 shots and transferred to a PC. For the dispersed fluorescence experiments and for the lifetime measurements, the emitted light was collected using a combination of spherical mirror and quartz optics, dispersed with a SOPRA F1500 UHRS 1.5 m monochromator and detected with a cooled Hamamatsu R928 photomultiplier. The fluorescence decay times were measured with the same photomultiplier and recorded with a LeCroy Wavepro 954 oscilloscope ͑1 GHz analog bandwidth, 2 Gsamples/ s͒. The pulsewidth for the fluorescence excitation laser alone ͑scat-tered light from the molecular beam nozzle͒ could be closely reproduced as a Gaussian of 7.2 ns full width at half maximum ͑FWHM͒. The lifetimes were determined by convoluting this Gaussian with a single exponential decay.
The principle of FDEP spectroscopy has been described elsewhere. 9 The excitation laser beam was spatially overlapped with a second laser that was fired 110 ns earlier and depleted the vibrational ground state. FDEP spectra were recorded by fixing the excitation laser at the A electronic origin of 2PY or d-2PY and scanning the depletion laser from 29 800 to 30 800 cm −1 .
III. COMPUTATIONAL METHODS AND RESULTS
The minimum-energy structure of 2PY in the S 0 state was calculated with the B3LYP density functional and the 6-311+ + G͑d , p͒ basis set using GAUSSIAN03. 41 The structure converged to planarity ͑C s symmetry͒ at Ͻ2 ϫ 10 −6 E h a 0 −1 . Both harmonic normal-mode and anharmonic vibrational calculations were undertaken at the optimized structure. The anharmonic vibrational wave numbers are obtained from a second-order perturbative treatment based on quadratic, cubic, and semidiagonal quartic force constants. 38, 39 The results of the anharmonic calculations will be discussed in Sec. IV B.
The S 1 state minimum-energy structures were calculated at three different levels, using the configuration interaction singles ͑CIS͒ method, the symmetry adapted cluster/ configuration interaction ͑SAC-CI͒ method ͑using the LevelOne set of excitation operator thresholds͒, and the complete active space self-consistent field ͑CASSCF͒ method. The CASSCF calculations employed the 6-31G͑d , p͒ basis set, while for the CIS and SAC-CI calculations diffuse functions on heavy atoms were added ͓6-31+ G͑d , p͔͒. The CIS method accounts for single excitations only but includes the * -, * -, and * -type one-electron excitations. The SAC-CI method includes additional selected double excitations but truncates the triple and higher excitations. The CASSCF active space correlated the four occupied and the three unoccupied -type valence orbitals and the oxygen lone pair orbital, correlating ten electrons in eight orbitals.
The CASSCF wave function contains all possible excitations within this active space. All calculations were performed using GAUSSIAN03. 41 The CIS method predicts a moderately large out-of-plane distortion of 2-pyridone, as shown in Fig. 1͑a͒ 6 or any other locally stable S 1 state structure. At the CASSCF level, the calculated distortion can be partially described by a pyramidalization displacement around the N-H bond. 6 In addition, the C 6 -H bond is displaced in the opposite direction to that of the N-H bond ͑for the atom numbering, see Scheme 1͒. The carbonyl bond remains within the approximate plane of the C-C-C framework. The calculated deformation is characterized by the dihedral angles ͑H-N-C 2 -C 6 ͒ = 11.3°, ͑H-C 6 -N-C 5 ͒ = −24.1°, ͑H-N-C 2 =O͒ = 4.5°, and ͑H-N-C 6 -H͒ = 23.9°. The CASSCF S 1 state normal modes were calculated at the optimized S 1 state structure and will be discussed below.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. S 1 state vibronic spectra of 2PY and d-2PY
2-pyridone
The S 1 ← S 0 vibronic spectra recorded by the FDEP, LIF, and 2C-R2PI techniques are shown in Figs. 2͑a͒-2͑c͒ and the respective band positions are collected in Table I . The intense band at 29 831 cm −1 is assigned to the 0 0 0 electronic origin, in agreement with the earlier work. [5] [6] [7] [8] [9] Besides the bands at 98, 218, and 252 cm −1 observed already earlier by R2PI and LIF techniques, the fluorescence depletion spectrum reveals additional bands at +353, +432, +526/ + 529, +556, +605, and +620 cm −1 . These bands were first measured ͑but not analyzed͒ by Matsuda et al., who noted their very complicated structure. 9 They also noted that the absence of these higher-energy excitations in the LIF and R2PI spectra implies that the fluorescence quantum yield decreases rapidly with increasing energy. They attributed this, on one hand, to increased internal conversion and intersystem crossing rates, and on the other hand, to possible * / n * couplings. 9 Here we analyze and assign these low-energy bands and propose assignments in terms of out-of-plane excitations. We return to the issue of mode-specific fluorescence quantum yields and lifetimes below.
The CASSCF normal-mode wave numbers for the S 1 state are given in Table II 5 ͑c͒ Mass-selected two-color resonant two-photon ionization spectrum of 2-pyridone, with ionization at 228 nm.
and the assignments will be placed on firm ground below, based on the fluorescence spectra. However, it is clear that four to five additional intense low-wave-number bands remain below 5 Ј and these can only be assigned to out-ofplane vibrational excitations.
We recall that Held et al. have interpreted their upper states of the 0 0 0 and 0 0 0 +98 cm −1 bands in terms of two different conformers with nonplanar geometries. 6 They specifically noted that the N-H hydrogen atom is more out of plane for the B origin than for the A origin and that the geometry corresponding to the B origin is significantly more nonplanar than that corresponding to the A origin "at some atom other than the amine hydrogen." 6 They suggested that this was due to amine invertamers and considered the possibilities ͑i͒ that they are true conformers with two different equilibrium geometries or ͑ii͒ that they are two different vibrationally averaged structures of a planar molecule whose motions are governed by an asymmetric double-minimum potential along the inversion coordinate in the S 1 state. 6 However, both possibilities neglect the symmetry plane implicit to the molecular framework: Any S 1 state out-ofplane deformation of the molecule breaks the original S 0 state planarity in two symmetry-equivalent ways, leading to two symmetry-equivalent nonplanar S 1 minima. The observation of nonplanar vibrationally averaged structures for the A and B band upper states 6 implies that there is at least one symmetric double-minimum potential along an out-of-plane coordinate. The A and B upper states may then correspond to the v = 0 and 2 levels in the same double-minimum potential, since vibrational excitations are only allowed with ⌬v =0,2,4, ..., for a planar→ nonplanar electronic transition. Alternatively, the hypothesis ͑i͒ considered by Held et al. would give rise to two different anharmonic doubleminimum potentials and two pairs of symmetry-equivalent minima. We have therefore examined possible assignments of the vibronic bands in Fig. 2͑a͒ in terms of different choices of symmetric anharmonic potentials along out-ofplane coordinates:
In assignment A, we first fitted the excited-state vibronic bands in terms of an anharmonic potential along the coordinate q 1 Ј. The small-amplitude limit of this coordinate corresponds to the CASSCF eigenvector 1 Ј shown in Fig. 3͑c͒ . Assigning the +98 cm −1 band as 1 0 2 and that at +218 cm −1 as 1 0 4 , we fitted a quartic potential of the form
as shown in Fig. 4͑a͒ . The next even overtone predicted by this potential is 1 0 6 at 355 cm −1 ; it nicely fits a small transition at 353 cm −1 as shown in Fig. 5͑a͒ . The 1 0 8 transition predicted at 502 cm −1 is expected to be very weak and is not observed.
We then fitted the +252 and +432 cm −1 bands as 2 0 2 and 2 0 4 excitations to a second potential along q 2 Ј, corresponding to the boat-deformation 2 Ј mode. The CASSCF eigenvector is shown in Fig. 3͑d͒ . The fit results in a symmetric doubleminimum potential with a barrier of 436 cm −1 above v =0, as shown in Fig. 4͑a͒ , right. The 2 0 6 excitation is predicted at 605 cm −1 , in excellent agreement with a medium strong band at 605 cm −1 observed in the FDEP spectrum, Fig. 5͑a͒ . A band at +528 cm −1 can be assigned to the overtone combinations 1 0 2 2 0 4 , respectively, see Table I and Fig. 5 . The only remaining band is at 440 cm −1 , which has been assigned as the lowest in-plane vibration 5 Ј above.
In assignment B, an alternative set of assignments of the low-wave-number excitations is possible, resulting in two rather different S 1 state potentials along q 1 Ј and q 2 Ј. Again, the band at 98 cm −1 is assigned as 1 0 2 ; however, the +252 cm The symmetric double-minimum potential V͑q 2 Ј͒ in assignment A or the double-minimum potential V͑q 1 Ј͒ in assignment B give rise to nonplanar vibrationally averaged geometries for the different vibrational levels. These provide plausible explanations for the slightly different vibrationally averaged rotational constants associated with the so-called A and B origins 6 in terms of the levels v =0 ͑for the A origin͒ and v =2 ͑for the B origin͒.
d-2-pyridone
The fluorescence depletion and two-color R2PI spectra of d-2-pyridone are shown in Figs. 6͑a͒ and 6͑b͒. The respective band positions are also given in Table I . The intense band at 29 859.5 cm −1 is assigned to the electronic origin. Our value is 12.5 cm −1 lower than the value given for the AЈ band of d-2-pyridone by Held et al.; 6 we believe our value to be correct to within ±0.5 cm −1 on the basis of several measurements. The second band at 0 0 0 +95 cm −1 -denoted the BЈ band-has been observed at the position observed by Held et al. 6 to within our experimental error of ±0.5 cm −1 . In addition, the mass-selected 2C-R2PI spectrum shows further bands at 214, 244, 430, 529, and 596 cm −1 . Over the 0 -700 cm −1 spectral range, the fluorescence depletion spectrum reveals the same bands, as well as additional transitions at +287, +357, +417, +513, +540, +620, +641, and +665 cm −1 . Again, the nonobservation of these higherenergy excitations in the R2PI spectrum implies that their fluorescence quantum yields decrease rapidly with excess vibrational energy in the S 1 state.
The CASSCF S 1 state calculations in Table II again predict that the lowest modes are out-of-plane vibrations. The 0 0 0 + 95, 214, and 244 cm −1 are thus also assigned as out-ofplane excitations. We fitted the observed transitions in terms of the model potentials that led to assignment A; in contrast to 2-pyridone, we are not able to propose a satisfactory fit analogous to assignment B. The reason is that any such fit involves assigning the excitation at 430 cm −1 as 1 0 6 . However, this level must be assigned to an excited-state in-plane vibration, based on the fluorescence spectra shown below and in agreement with its appearance in the R2PI spectrum. Therefore, we only show the potentials fitted to assignment A in Fig. 5͑c͒ . The potentials are very similar for 2PY and d-2PY, the latter giving rise to slightly lower vibrational energies. To achieve this, the reduced mass along the q 1 Ј coordinate was increased from 1.00 for 2PY to 1.04 for d-2PY. The analogous reduced mass scaling for q 2 Ј is from 1.00 for 2PY to In contrast, the R2PI band that is observed at 541 cm −1 in 2PY and assigned to the 8 Ј in-plane vibration is almost completely absent in the R2PI spectrum of d-2PY. We tentatively assign 8 Ј to the very weak band at 540 cm −1 , as shown in the insert in Fig. 6͑b͒ ; this band is prominent in the FDEP spectrum, Fig. 6͑a͒. In d-2PY , the three close-lying levels 513/ 529/ 540 cm −1 form a Fermi triad. For d-2PY, the FR coupling between the two out-of-plane levels and the inplane state seems to be much stronger. Finally, the band observed at 596 cm −1 is assigned to the in-plane vibration 9 B. Fluorescence spectra and S 0 vibrational frequencies
2-pyridone
An overview dispersed fluorescence spectrum excited at the 0 0 0 band of 2PY ͑29 831 cm −1 ͒ is shown in Fig. 7 . Four further fluorescence spectra were excited at the 0 0 0 + 98, +218, +252, and 541 cm −1 bands, cf. Figs. 2͑b͒ and 2͑c͒, and were recorded out to Ͼ3000 cm −1 , the lowest 1300 cm −1 being shown in Fig. 8 . The measured wave numbers and intensities are collected in Table III. The vibrational bands are first assigned by comparing their wave number to those of the fundamentals, overtones, and combination bands predicted by the B3LYP/ 6-311+ +G͑d , p͒ anharmonic vibrational analysis, as given in the last column of Table III. Figure 9 shows the B3LYP normalmode eigenvectors of all the fundamental vibrations of 2PY that have been observed in the fluorescence spectra. The complete set of B3LYP harmonic and anharmonic frequencies is listed in Table IV . In Sec. IV C, detailed comparisons of our measured wave numbers will be made ͑i͒ to the infrared spectra of 2PY in Ar and N 2 matrices measured by Nowak et al. 40 and ͑ii͒ to the supersonic jet infrared and stimulated Raman measurements of Matsuda et al. Fig. 7 is characterized by overtones and combination bands involving those four fundamentals, as listed in Table III . The agreement of these combination bands and overtones with the calculated values is within ഛ1.3%, cf. Table III . The large changes of the FCFs of the out-of-plane overtones in emission to the S 0 state as a function of the different excitations clearly support our previous assignments of the 0 0 0 + 98, +218, and +252 cm −1 excitations to S 1 state out-ofplane overtones. For all three levels, however, the FranckCondon factors exhibit large changes in emission to both the 1 Љ and 2 Љ ground state levels. This implies that the excitedstate 1 Ј and 2 Ј vibrations do not correspond directly to the S 0 state 1 Љ and 2 Љ modes. This normal-mode rotation or Dushinsky effect is also reflected in a lack of mirror symmetry between the absorption and emission spectra. Similar to the fluorescence spectra of 2PY, the intensity changes of the out-of-plane vibrational overtones and combinations in fluorescence support the above assignment of the +96, +215, and +244 cm −1 transitions as S 1 state out-ofplane overtone levels. As for 2PY, the Franck-Condon patterns of the three fluorescence spectra do not allow to establish a clear one-to-one correspondence between the S 1 state vibrations 1 Ј, 2 Ј and the S 0 1 Љ, 2 Љ vibrations. This suggests that the two out-of-plane modes are strongly mixed in the S 1 state relative to their 1 Љ, 2 Љ counterparts. This strong Dushinsky rotation leads to atypical Franck-Condon patterns.
Calculations of the S 1 ↔ S 0 Franck-Condon factors for the out-of-plane modes would be desirable, but are not feasible, for the following reasons: ͑i͒ Since both the 1 Ј and 2 Ј vibrations are highly anharmonic, any reasonable FCF calculation would have to be based on a two-dimensional ͑2D͒ fully anharmonic S 1 state potential energy surface V͑S 1 ͒, including quadratic, biquadratic, quartic, and possibly higher even terms of the potential V͑S 1 ͒ as a function of q 1 Ј and q 2 Ј.
͑ii͒ The strong Dushinsky rotation implies that even in the simplest description, q 1 Ј and q 2 Ј are ͑unknown͒ linear combinations of q 1 Љ and q 2 Љ, but there is a probability that further ground-state vibrations are needed in the linear expansion for q 1 Ј and q 2 Ј. ͑iii͒ For anharmonic potentials, the kinetic energy part of the vibrational Hamiltonian can no longer be simply written as a sum of diagonal kinetic energy operators along the q 1 Ј and q 2 Ј coordinates, but additional off-diagonal coupling elements arise that may be large and strongly coordinate dependent.
C. Summary of S 0 state vibrations and comparison to previous measurements
Above we have identified a total of 12 S 0 state vibrations, 10 as in-plane fundamentals, and 2 via out-of-plane overtones, as well as Ͼ30 higher overtones and combination bands. The ground-state infrared spectra of 2PY have been measured in Ar and N 2 matrices by Nowak et al., 40 who have identified 19 IR-active fundamentals. The IR frequencies in the N 2 matrix are between 2 and 9 cm −1 higher than those in the Ar matrix, and the latter are on average ϳ2 cm −1 higher than the gas-phase wave numbers measured here. We therefore compare to the Ar matrix data. Table IV collects the B3LYP harmonic and anharmonic calculated wave numbers with the supersonic jet values and those measured in Ar matrices.
We note that seven fundamentals ͑ 3 Љ, 5 Љ, 10 Љ , 13 Љ , 18 Љ , 19 Љ , and 23 Љ ͒ are observed both in the fluorescence and IR matrix spectra, with a mutual agreement Ͻ3 cm −1 . Twelve 25 Љ , and 30 Љ ͒ are only observed in the matrix IR spectra. 40 Three modes ͑ 1 Љ, 2 Љ, and 6 Љ͒ are only observed in the fluorescence spectra, and eight modes ͑mainly the C-H stretches͒ are not observed in either spectra. There are two notable frequency shifts between the gasphase and matrix frequencies: ͑1͒ Nowak et al. have assigned a very strong IR band at 1705 cm −1 in the Ar matrix as 25 Љ , the C v O stretch ͑with additional H-N-Cv O and O v C-C-H in-plane bend components, see Fig. 9͒ . 40 We assign 25 1 0 to an intense fluorescence band that lies 16 cm The large difference between the LIF/R2PI spectra, on one hand, and the FDEP spectra, on the other hand, implies that the fluorescence lifetimes of the higher vibronic excitations vary strongly. In terms of the assignments given above, it is clear that excitation of either of the out-of-plane modes 1 Ј or 2 Ј leads to a rapid decrease in fluorescence lifetime. The states of 1 Ј and 2 Ј that lie Ͼ300 cm Sobolewski and Adamowicz ͑SA͒ have explored the excited-state reactivity of both 2-pyridone and its tautomer 2-hydroxypyridine ͑2HP͒, using the configuration interaction singles ͑CIS͒, complete active space self-consistent field ͑CAS-SCF͒, and second-order perturbation theory ͑CASPT2͒ methods. 20 Their CIS/ 6-31G͑d , p͒ calculations already predicted that the S 1 state is of * character for both 2HP and 2PY and that the S 1 minimum of 2PY is nonplanar. Since they calculated the S 1 state barrier to nonpla-TABLE IV. Comparison of the S 0 state harmonic and anharmonic B3LYP/ 6-311+ + G͑d , p͒ wave numbers of 2-pyridone with experimental values. All wave numbers unscaled. "oop" denotes out of plane, "ip" in plane, "s" symmetric, and "as" antisymmetric. narity at the CIS level to be ഛ100 cm −1 , they conducted the higher-level CASSCF and CASPT2 investigations for planar geometries only. They investigated photoinduced reaction paths using CASSCF/3-21G geometry optimizations, calculating CASPT2/DZVP energies at the CASSCF geometries. In C s symmetry, the S 1 state is calculated to be 1 AЈ͑ * ͒ and the S 2 state is 1 AЉ͑n * ͒, calculated to lie about 0.35 eV above the * state. ͑i͒ For the excited-state intramolecular proton transfer between the 2PY and 2HP forms, SA found that a barrier height of 1.25 eV in the 2PY→ 2HP direction and concluded that the optically induced 2PY→ 2HP reaction is rather unlikely in the S 1 state. 20 ͑ii͒ The excited-state N-H dissociation reactions from the dark S 2 state is 1 AЉ͑n * ͒ S 2 states of 2PY and 2HP pass via a barrier of ϳ1.5 eV to a freely dissociative surface; hence both tautomeric forms are "well protected" in the 1 AЉ state against dissociation of the proton. ͑iii͒ They also investigated nonradiative decay channels from the * state of 2PY and 2HP via biradical prefulvenic forms back down to the ground state. For 2HP, a low-barrier reaction towards a prefulvenic form, with a strong nonadiabatic coupling to the ground state, was found. For 2PY, however, SA calculated a monotonically rising energy profile for the reaction towards the prefulvenic form and a much smaller configurational mixing, viz., their Fig. 9 . 20 In contrast to SA, Li et al. have calculated a nonplanar S 1 state minimum geometry for 2PY at the CASSCF/ 6-31G͑d , p͒ level, using a ͑10,8͒ active space. They reported the N-H bond to be bent out of the molecular plane by ±27°. We note that our CASSCF minimum energy is lower than theirs and conclude that slightly different minimum-energy structures were obtained in the two calculations, probably due to a different choice of active orbitals. However, the existence of two nonplanar and enantiomeric S 1 state minima is in qualitative agreement with our results and also with our analysis of the 1 Ј and 2 Ј vibrations in terms of doubleminimum potentials.
Using the optimization procedure for conical intersections in GAUSSIAN03, we have located a minimum-energy S 1 / S 0 conical intersection ͑MECI͒ that connects the S 1 and S 0 states at the CASSCF/ 6-31G͑d , p͒ level. The active space for this calculation is the same as that used to determine the S 1 state minimum, see above. However, the MECI optimization is based on a state-averaged CASSCF wave function, whereas the S 1 minimum-energy structure optimization uses a single-state wave function; hence the absolute energies of the two calculations cannot be compared. The MECI geometry is strongly nonplanar, showing a strong pyramidalization around the N-H group and an out-of-plane displacement of the C5-H bond. The MECI geometry is shown in Fig. 11 . The double-cone shape of a conical intersection can be represented if the energies of the intersecting states are plotted versus two special internal coordinates: These are ͑a͒ the interstate coupling ͑or derivative coupling͒ vector and ͑b͒ the gradient difference vector, also shown in Fig. 11 . We note that the CASSCF mode 1 Ј of the S 1 minimum structure, Fig.   3͑c͒ , points very approximately towards this MECI structure.
At the CIS/ 6-31+ G͑d , p͒ level, we have calculated the entire reaction path from the S 1 state minimum via an S 1 state barrier of ϳ2200 cm −1 to the MECI; a graph of the respective S 1 and S 0 potential curves is shown in Fig. 12 . However, the CIS reaction path length, barrier height, and relative energies of the S 1 minimum and the minimumenergy conical intersection should only be taken as a rough indication of the true situation, due to the lack of doubles, triples, and higher excitations in the CIS calculation. A complete reaction path calculation was not possible at the CASSCF level, due to instabilities of the CAS procedure near the S 1 state barrier.
V. CONCLUSIONS
The S 1 ← S 0 vibronic spectra of 2PY and d-2PY have been measured by mass-selective resonant two-photon ionization, 5 laser-induced fluorescence excitation, 6 and fluorescence depletion 9 techniques. Above 250 cm −1 excess vi- brational energy, the fluorescence depletion spectra exhibit a number of vibronic bands that are "dark" in the R2PI and LIF spectra. 9 Our interpretation of these additional bands in- Fig. 1 to the S 1 / S 0 conical intersection. The ground-state potential energy curve is calculated at the respective excited-state geometries. The CIS/ 6-31+ G͑d , p͒ minimumenergy conical intersection geometry is qualitatively similar to the CASSCF͑10,8͒ geometry shown in Fig. 11 . 6 Our one-dimensional model potentials should be viewed as a first step; at least a two-dimensional potential will be necessary to explain ͑i͒ the unusual S 1 ↔ S 0 Franck-Condon factors of the out-of-plane vibrations and ͑ii͒ the details of the higher-energy vibrational level structure. The latter becomes complicated in the vicinity of the barrier along q 2 Ј, estimated at ϳ430 cm −1 . The S 1 → S 0 fluorescence spectra of 2-pyridone and d-2-pyridone have been excited at different excited state levels. Ten in-plane and two out-of-plane fundamental vibrations and more than 30 combinations and overtones have been identified in the S 0 state. Excitation at the levels that are here assigned to the out-of-plane overtone excitations at +98, +218, and +252 cm −1 gives transitions with strongly enhanced Franck-Condon factors to the ground-state overtones 1 2 0 , 1 4 0 , 2 2 0 , and 2 4 0 , thereby confirming the excited-state assignments as out-of-plane vibrations. The intensity changes of both 1 Љ and 2 Љ overtones in the emission spectra as a function of S 1 state excitation imply that the 1 Ј and 2 Ј vibrations are rotated relative to the 1 Љ and 2 Љ ground-state modes.
This pronounced Dushinsky effect is in agreement with the complete lack of mirror symmetry between absorption and emission spectra.
A rapid decrease of fluorescence lifetimes occurs for the out-of-plane vibrational overtones Ͼ250 cm −1 for 2PY ͑see also Ref. 10͒ and d-2PY. This is related to an S 1 state intramolecular reaction that is strongly enhanced when higher out-of-plane vibrational levels are excited. In contrast, excitation to the S 1 levels at 0 0 0 + 440 cm −1 for d-2PY and at 0 0 0 + 528 cm −1 for 2PY leads to fluorescence spectra with enhanced transitions to the in-plane S 0 state vibrations 3 Љ, 5 Ј, and 6 Љ. Thus there are "bright" S 1 state in-plane vibrational levels above the dark out-of-plane states, and the in-plane vibrational states have 10-20 times longer fluorescence lifetimes than out-of-plane states that lie at the same or higher internal energy. This vibrational state specificity directly suggests that the S 1 state reaction involves a nonplanar transition state or conical intersection. Indeed, we have calculated an S 1 / S 0 conical intersection at the CASSCF level. The geometry of 2PY at the conical intersection is markedly nonplanar, being pyramidalized at the N and at the C5 atoms.
The anharmonic B3LYP/ 6 -311+ + G͑d , p͒ wave numbers are in very good agreement with our own and with previous jet and matrix spectroscopic Raman and IR data and assignments, 40, 43 showing ϳ1% rms deviation. This confirms the reliability of combing the B3LYP density functional with a perturbation theoretical anharmonic treatment 38, 39 for the calculations of accurate ground-state vibrational wave numbers.
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